In this paper, the central principles of reliability-centered maintenance (RCM) and corresponding mathematical concepts for its implementation in microgrids are discussed. A systematic framework is suggested that exploits the fundamentals of multiattribute decision making to (i) evaluate the important features and failure attributes and (ii) effectively identify the microgrid critical components with their failure rates dynamically assessed at various time intervals. Lagrange multipliers of a budget-constrained optimization formulation are suggested to be used to determine the desired values of system reliability indicators. The failure rates of critical components are efficiently determined over time through an exponential model that is empirically obtained via extracted condition scores of critical failure causes at multiple inspection times. A timevarying benefit-to-cost ratio mechanism is designed via which the useful lifetime of critical components and the system economic benefits increase through timely maintenance in microgrids where an improved reliability performance can be realized. Finally, the proposed model is implemented in a real-world scenario on a microgrid that is a part of the Tehran power distribution network. Extensive numerical results demonstrate the applicability and effectiveness of the suggested RCM model in microgrids.
Summary
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| INTRODUCTION
Recent evolution in the governmental policies, deregulation of the power grid, intensified competition among electric sectors, and the growing complexity of the grid have emerged new, and difficult-to-manage, concerns for electrical network planners and operators. These critical challenges are centered on supplying and ensuring a continuous, reliable, and affordable energy to customers. 1 Asset management in large-scale electrical networks plays a major role in ensuring an acceptable and reliable level of service to customers by managing the expensive aged infrastructure. In particular, asset management in electrical networks focuses on refining critical decisions to ensure a maximum long-term economic savings while maintaining the grid system and security requirements. 2, 3 Because of sheer number of components (physical assets) in electrical distribution systems with close connection to customer satisfaction, it is essential to devise tenance costs, as well as reliability and energy management system's costs. In Ramabhotla et al, 20 operation of a gridconnected microgrid is optimized through minimizing the operation and maintenance costs of DERs. Almost all research efforts on microgrids available in the literature failed to characterize a general framework for maintenance planning, with no or minimum considerations to the reliability indicators from the customers' perspectives. In this paper, a mathematical framework for RCM implementation in microgrids is introduced to ensure the long-term economic savings and to maintain microgrid customer's requirements. The first and most important step to implement an RCM procedure is to identify system critical components through a decision-making process. Decision-making techniques ranging from game theory, 21 fuzzy analytical hierarchical process, 22 reliability-oriented criticality factors (CFs), 5 Markov models, 23 and minimal cut sets 24 have been introduced so far to distinguish the critical components in power generation, transmission, and distribution systems. In this paper, a multiattribute decision-making (MADM) approach in conjunction with a reliability-driven CF is used to determine the weights of important RCM attributes and to identify the critical components, respectively. To determine a proper, and yet accurate, number of critical components and a quantitative measure to guide the PM activities, the desired values of reliability metrics must be calculated. While such metrics in the past research were subjectively set by asset managers and experts in the field, the desired values of reliability indices are determined in this paper through a Lagrange multipliers optimization method. Failure rate of critical components at any given point in time is determined via an empirically driven exponential model 25 through the suggested MADM method and extracted condition scores of failures causes. A dynamic time-varying benefit-to-cost ratio (BCR) mechanism is designed that quantifies the total economic benefits and costs corresponding to different maintenance plans. Accordingly, different maintenance plans can be prioritized in an optimal order, useful lifetime of critical components can be achieved, and an enhanced system economic and reliability performance will be realized through timely maintenance of microgrids. Table 1 compares the existing literature around RCM implementation in the electrical industry based on the main features it embraces, such as critical component identification, desired values of system reliability indices, failure rate modeling of system components, and prioritizing PM plans. According to Table 1 , the systematic approach refers to a mathematical model with no or minimum interference of experts and subjective judgments. Briefly, the main contributions of this article are described as follows:
• A new MADM approach is proposed to quantitatively determine the importance of the main decision attributes and failure causes and identify the system critical components.
• An optimization approach is proposed to determine the desired values of reliability indices through an exponential model reflecting the failure rates of components as a function of cost and the fundamental concepts of Lagrange multipliers optimization technique.
• A new time-varying BCR metric is developed to prioritize the PM strategies on microgrid critical components.
• The proposed model is implemented on a real-sized microgrid under real-world conditions. The remainder of this paper is organized as follows. Section 2 presents the fundamental principles of asset management and RCM applications in electrical networks. The general framework and the proposed formulation of RCM in microgrids are presented in Section 3. In Section 4, the proposed model is implemented on a part of the distribution network in Tehran, the results of which indicate the effectiveness and practicality of this model in real-world scenarios. And finally come the concluding remarks in Section 5 Figure 1 depicts the management cycle of a physical asset over its useful lifetime. From a timescale viewpoint, asset management principles can be divided into three categories of short-term (operations management), mid-term (maintenance management), and long-term strategies. 26 Because of the close connection of microgrids with customers and electricity consumers, there is an urgent need to design and implement an effective maintenance strategy concerning the timescales above. Figure 2 demonstrates the overall asset management structure for a grid-connected microgrid. Sarantakos et al 27 study the short-term asset management using the condition of power system assets in the grid operation practices through condition-based risk metrics. One study 28 provides the ISO 55000 asset management standard, and another study 29 defines the content and guidelines for asset management practices. Different categories of the asset management in power systems and its connection to RCM principles are discussed in Khuntia et al. 30 Nieto et al 31 have analyzed the asset management in different timescales in Latin America based on the ISO 55000 standards in electrical distribution systems. This paper is mainly focused on the mid-term asset management providing a general framework for RCM implementation in microgrids. 
| ASSET MANAGEMENT AND RELIABILITY-CENTERED MAINTENANCE PRINCIPLES

| Asset management
| Reliability-centered maintenance
Reliability-centered maintenance is a maintenance plan that determines "where" and "when" the appropriate PM activity should be applied. Reliability-centered maintenance in electrical industry aims to achieve the desired levels of reliability for customers while maintaining the economic balance for utilities. Among the research efforts on RCM implementation in electric domain, Sabouhi et al 32, 33 have suggested a risk-based approach to identify critical components and their reliability models for RCM applications in power plants. Ghorani et al 34 and Asghari et al 35 proposed
two different methods to identify critical components for RCM management in power transmission systems. And previous studies 5, 6, 22 investigated the RCM applications in power distribution systems. Overall, the RCM implementation process consists of several main steps, 14 implementation of which in the case of a microgrid is presented next.
| THE PROPOSED MODEL FOR RCM IMPLEMENTATION IN MICROGRIDS
In this section, a general framework for RCM implementation in microgrids is formulated to achieve an efficient midterm asset management plan. The model consists of three main stages: data preparation, main analytics, and output data records. 
FIGURE 2
The general asset management structure for a microgrid
| First stage: data preparation
In this stage, all technical and economic data needed as inputs to the main RCM analysis will be made available. This includes system single-line diagrams, average failure rates, failure rate in the worst and best conditions of components, component repair rates, PM and corrective maintenance (CM) costs, and history.
| Second stage: main analysis
The information collected in the first stage is strategically harnessed in this second stage as follows.
Step (1) Identifying system critical components from a reliability perspective
This step is the first and most important step in the RCM main analytics stage. Because of the scarce resources available for maintenance management in electric industry, the limited budget should be wisely focused on the most important components: the ones needing it the most with the most significant impact and contribution to the system reliability performance. In this paper, an MADM procedure is used to identify the system critical components. Figure 3 shows the general process of the MADM approach. 36 Alternatives are repairable components of the system, and attributes are component reliability indices such as failure rate, repair time, and unavailability metrics. To initialize the alternatives, this paper uses a decision-making matrix since it is assumed that the decision maker does not have any prior knowledge and relative preference or priority for attributes. The decision matrix is constructed of alternatives and attributes as its rows and columns, respectively. The following linear dimensionless method is used in dealing with the multidimension set of attributes to facilitate a fair and sound comparison.
Because of its strong mathematical structure while maintaining simplicity, the concept of Shannon entropy is used to weight the problem attributes. The following formulations are applied to calculate the weights of all decision attributes:
The general process of a multiattribute decision-making approach
where the decision-making matrix columns are normalized in (2) and the entropy value, the standard deviation, and final weight for each attribute are calculated in (3) to (5).
Since the system average interruption frequency index (SAIFI) is directly driven by the components failure rate and the system average interruption duration index (SAIDI) is directly driven by the components unavailability attributes, the calculated weights in (5) can be used to build a joint reliability metric to account for both. The expected energy not supplied (ENS) is measured in megawatt hours and represents the amount of electricity demand that is expected not to be met in a given point in time. To evaluate the CF for each component, two distinct scenarios are defined. In the first scenario, the failure rate of all the system components is set equal to their average failure rates (λ i1 ¼ λ ave i ), under which the system reliability indices are calculated. The loads and output power of distributed energy resource (DERs) such as photovoltaic and wind power vary hourly, and thus, accurate evaluation of the reliability metrics is more complicated than the traditional reliability evaluations in power distribution systems. To better represent the model and equations, a simple microgrid illustrated in Figure 4 is presented with five repairable components (two circuit breakers, two feeders, and one distributed generation (DG)).
In such a scenario, the reliability indices can be calculated using the hourly average failure rates of components as follows 1 :
where P LP1, t and P LP1, t are the demand power at the load points in the example microgrid. In this paper, the failure rate corresponding to the upstream network is considered equal to zero, intercepted as a fully reliable upstream network. Hence, the failure rate and outage duration of each load point at time t are calculated in (9) and (10):
The graphical diagram of a simple microgrid 
r i represents the repair time of component i if the required time to restore the load point l lasts until component i is repaired; r i is the isolation time of component i when load point l is restored after clearance of the faulted component i. In the second scenario, the failure rate of each component is set equal to its best (brand-new) failure rate (only one component at a time) while the failure rates of other system components are set to their average values; then the reliability indices in each case are recalculated to determine how much each component of the system can improve the reliability metrics. The first scenario is implemented only once, but the second scenario is sequentially implemented for all system components (equal to the total number of system components).
The suggested CF for each component is calculated in (12) by multiplying the weight vector and the normalized vector of reliability indices considering the above two scenarios: 
The CF index indicates the system reliability sensitivity to improvement in its components. Obviously, the component with the highest CF has the greatest impact on the system reliability performance. Hence, the components are sorted in descending order of magnitude as presented 5 in Table 2 .
With the scarce resources and budget constraints in the electric utilities, the appropriate number of critical components should be identified to focus the maintenance activities on the priorities. This requires the CCF i , the cumulative criticality factor, to be compared with a CF derived from desired values of reliability indices as follows: 
Abbreviation: CF, criticality factor.
In this paper, it is assumed that the evaluated indices in the first scenario represent an unacceptable risk level with economic, social, and environmental consequences. In this paper, the SAIFI index of reliability is extracted as a function of cost and minimized as the objective function. This cost is the budget that is allocated to improve the component's failure rate. c i is a variable and may be different for different components or for a given component at different points in time. More allocated cost (budget) to a component further improves (decreases) its failure rate and vice versa. The relationship between failure rate and the cost for a component, denoted as exponential reliability growth model, is represented through the following equation.
Parameter β i represents the correlation between the failure rate reduction and cost for component i. The higher this parameter for a component is, the failure rate decreases with less required cost. Figure 5 
If there is no historical data available to extract parameter β i , it can be calculated as follows:
Regarding the importance of each component, the average cost can be calculated in (16):
To derive the SAIFI index of reliability as a function of failure rate and cost using (14) , the following objective function is enforced with the constraints to be satisfied.
The SAIFI index as a function of cost for the presented microgrid in Figure 4 is extracted as follows:
FIGURE 5 Failure rate of a component as a function of cost
of 21
The 
In this paper, the Lagrange multipliers approach is used to minimize the objective function given by
To optimize the objective function, partial derivatives of the Lagrange function concerning each of the independent variables should be set equal to zero. Hence, the following nonlinear equations are solved through an iterative approach.
Such equations for the illustrated microgrid in Figure 4 are as follows:
Having calculated the optimal SAIFI and budget allocations for the components, the optimal failure rate of each component can be calculated using (14) and eventually the other reliability indices (SAIDI and ENS) can be evaluated. The CF des is then assessed by (13) . However, because of the nonlinear relationship between the system and component reliability metrics, the CF des is multiplied by a coefficient (1 < μ < 1.3) and must be compared with CCF i to ensure that a desired value is reached. If CCF i satisfies the following inequality constraint, the number of critical components is found equal to i.
Step (2) Determining the main failure modes and causes for microgrid critical components
The main failure modes and associated causes leading to power disruption should be identified next. Failure modes correspond to the states of a component in which it does not work as expected. Every component has one or several failure modes originating from its different subassemblies and may lead to high impact failure. A systematic approach, failure modes and effects analysis (FMEA), can be useful to accomplish this task.
Step (3) Deciding on different maintenance strategies If the reliability indices do not satisfy the desired values, it is necessary to apply the PM actions on one or several critical components; therefore, different maintenance strategies should be recognized. The FMEA helps asset managers to identify several effective maintenance strategies in response to failure modes and associated causes.
Step (4) Failure rate modeling of critical components Applying effective PM strategies will lead to an improved failure rate of system critical components. Therefore, it is necessary to model the effect of applying PM plans on the failure rate of system critical components. In so doing, the exponential failure rate model as a function of the component condition is approached in this paper. To calculate the condition score of system critical component, the two parameters, the current condition score of failure causes, and their weights should be available. Condition score changes over time and is valued between 0 and 1 with 0 denoting the best and 1 the worst conditions. These scores are typically estimated by maintenance personnel through the inspection procedures. In contrast to the traditional techniques using the subjective judgments of managers and experts in the field, the weights for failure causes are characterized in this paper through an MADM approach.
A decision matrix is framed here to weight the failure causes. There are two attributes including the total number of failure causes and its associated importance in component failure that need to be characterized. The former is a qualitative attribute ranging from "very high" to "very low" and should be quantified. Table 3 presents how to quantify the qualitative attributes. 36 The derived decision matrix elements must be dimensionless to be compared as follows:
As the attributes are mutually exclusive (the changes in one do not directly affect the other), the weighting corresponding to a failure cause manifests itself as a noncompensatory decision problem. In this paper, a noncompensatory decision-making method is used named MAXIMAX, where for any failure cause, the attribute with maximum weight is assigned a higher priority. Finally, the current condition score of a critical component is calculated in (25) : The current-state failure rate of critical components as a function of condition scores is calculated in (26):
Detailed procedure to calculate the coefficients A, B, and C can be found in Brown.
25
Step (5) Cost-benefit analysis If even one reliability index of interest does not meet the desired requirements, a PM plan is needed. Since the utility's available budget is limited, a BCR is suggested here to evaluate the economic aspects of the maintenance plans and select the most economically attractive one for final implementation. The BCR ratio is calculated in (27) :
The numerator is the achieved economic benefits as a result of the postponed CM cost and reliability improvements. The denominator is the costs related to PM implementation such as necessary materials, workforce, and ENS and customer interruption costs. In (27) , CF pt is the technical benefit of each maintenance strategy at time t and is given by (28) . This paper assumes that the first prioritized list of maintenance plans obtained through (27) remains unchanged after implementing the plans sequentially.
FIGURE 6
A, The new multiattribute decision-making-based approach to identify microgrid critical components. B, The reliabilitycentered maintenance overall process. BCR, benefit-to-cost ratio; CCF, cumulative criticality factor; CF, criticality factor; PM, preventive maintenance; SAIFI, system average interruption frequency index
Step (6) Applying the prioritized PM strategies on microgrid critical components The prioritized PM strategies must be applied until the desired reliability indices are all reached. If after applying all possible PM strategies on the most critical component, the desired values of system reliability metrics are still not achieved, this procedure will continue for the next critical component.
FIGURE 7
The microgrid under study 
| Third stage: output data recording
Having implemented the RCM process, the economic and technical output data must be stored for the next-interval inspections. Such outputs are used later as the input for future studies. The suggested procedure on identifying the
FIGURE 8
The schematic block diagram of the studied microgrid microgrid critical components through the suggested MADM approach and the RCM overall process is depicted in Figure 6 .
| CASE STUDY
In this section, the proposed model is implemented on a real microgrid that is a part of Tehran power distribution network. The suggested procedure is step-by-step implemented on this microgrid as follows.
| The system description
The studied microgrid is illustrated in Figure 7 . This microgrid has two feeders and 14 load points and is connected to an upstream distribution network that provides almost half of the consumable power while the other half is fed by DERs. In this paper, with the main focus on RCM implementation, it is assumed that the failure rate of the upstream network is zero (ie, fully reliable upstream network), the delivered power from the main network is unlimited, and the cables have an infinite capacity. A disconnect is considered for each component to isolate the defective section from the network. The system components for RCM implementation must be repairable; thus, those such as fuses are not considered here while their impact on system reliability evaluations is carefully taken into account. The required data are collected from experts and managers of the distribution utility in Tehran, and the hourly wind speed and solar radiations are taken from the corresponding weather station in the region. This paper assumes that the load points are supplied in order of criticality. In the studied microgrid, LP14, LP13, LP8, LP7, LP11, LP1, and LP6 are the high-priority loads. The number of customers served in each load point governs the amount of power consumption (kW) at each hour, and the hourly load profile is considered similar to that of the IEEE-RTS system. 
| Main analysis
To identify the microgrid critical components, reliability data of the components are needed to form the proposed decision matrix and evaluate the weight of attributes. Tables 4 and 5 demonstrate the components reliability data and the assessed weight of reliability indices using the Shannon entropy procedure, respectively. The schematic diagram of the focused microgrid is built to conduct the system and load point reliability analysis. This schematic diagram of the microgrid in Figure 6 is illustrated in Figure 8 .
To calculate the CFs for the microgrid components, reliability indices in two scenarios are evaluated. The CFs in descending order of magnitude and the CCFs are tabulated in Tables 6 and 7 , respectively. Next, the desired values of reliability indices are determined to calculate the desired CFs and finally the appropriate number of critical components. To do so, the SAIFI index is extracted as a function of cost and minimized in an optimization problem using the Lagrange multipliers approach. The average budget allocated to the maintenance management of the studied microgrid is assumed to be $12 500, and the additional budget considered for components upgrades and condition amendment is $6250. To solve the nonlinear equations of the optimization problem, mainly driven from the partial derivatives of the Lagrange function with respect to each of the independent variables (see 21) , an iterative method, ie, the Newton's method, is implemented in MATLAB environment. The optimal allocation of the available budget for any components (independent variables), the optimal failure rates of system components, and finally, the desired and optimal values of reliability indices are calculated, as shown in Table 8 . In this paper, the parameter μ is assumed to be 1.1, and by calculating the desired CFs using (13) , an appropriate value for the CF, for comparison with CCFs in Table 7 , is calculated as 0.25701. It is seen that the first three components, WT3 (C44) and transformers C46 and C20 are found to be the microgrid critical components.
The main failure modes and failure causes for wind turbine (WT), through an FMEA analysis, are reported in previous study, 38 and its failure rates are calculated in Table 9 . The same procedure should be applied for the other two critical transformers as other critical components in this microgrid. Finally, Equation 26 helps calculate the currentstate failure rates for these critical components (while the failure rates of other noncritical components are set to their optimal values in Table 8 ) as well as the system overall reliability indices as presented in Table 10 . As one can see, the system reliability indices all violate their corresponding desired values. Therefore, it is necessary to apply PM strategies on the system most critical components (step 6) to guide the system overall reliability performance to meet the desired targets. First, all possible maintenance plans are listed for WT3 (as the microgrid most critical component) following by a benefit-to-cost (BCR) analysis to prioritize the maintenance plans as shown in Table 11 . Second, the plan with the highest assigned priority is applied on WT3, and consequently, the new (updated) failure rate of this components is assessed. As can be seen in Table 12 , applying the three maintenance plans 5, 3, and 4, the reliability metrics will all meet the required targets, and hence, the maintenance activities are stopped since the RCM goals have been achieved.
| CONCLUSION
This paper proposed a new framework for implementation of RCM in distribution networks containing microgrids. A systematic MADM-based approach was used to calculate the importance of system reliability indices to identify microgrid critical components and evaluate the critical failure modes/causes. Unlike the traditional human-in-the-loop procedure prone to subjective judgments, this paper has suggested a new approach to extract the SAIFI index of reliability as a function of cost. This is achieved by using an exponential reliability growth model that helps yielding the desired values of reliability indices. To model the impact of PM strategies on the failure rate of critical components, a conditionbased method is used taking into account the inputs from the maintenance personnel and experts in the field during the inspection intervals. The maintenance plans for critical components are prioritized using a BCR technique considering the economic and technical benefits of different PM actions. The proposed model is implemented on a real microgrid, a part of the distribution network in Tehran, and the results proved the effectiveness and practicality of the suggested framework. Future research may focus on systematic management of inherent uncertainties in a microgrid (originating from DERs, loads, etc) incorporating them in the RCM analytics. It would be interesting to see how the system short-term and long-term uncertainties affect the maintenance plans and RCM implementation in practice. Another aspect for possible improvement may be on the weather-driven modeling of equipment failure rates depending on where (geographical area) and under which environmental condition they are operated and enforced in service. Such developments, which can affect the RCM process in distribution systems, should be further researched. 
